Abstract The objective of this study was to understand glucose synthesis of a protein-based artificial photosynthesis system affected by operating conditions, including the concentrations of reactants, reaction temperature, and illumination. Results from non-vesicle-based glyceraldehyde-3-phosphate (GAP) and glucose synthesis showed that the initial concentrations of ribulose-1,5-bisphosphate (RuBP) and adenosine triphosphate (ATP), lighting source, and temperature significantly affected glucose synthesis. Higher initial concentrations of RuBP and ATP significantly enhanced GAP synthesis, which was linearly correlated to glucose synthesis, confirming the proper functions of all catalyzing enzymes in the system. White fluorescent light inhibited artificial photosynthesis and reduced glucose synthesis by 79.2 % compared to in the dark. The reaction temperature of 40°C was optimum, whereas lower or higher temperature reduced glucose synthesis. Glucose synthesis in the vesicle-based artificial photosynthesis system reconstituted with bacteriorhodopsin, F 0 F 1 ATP synthase, and polydimethylsiloxane-methyloxazoline-polydimethylsiloxane triblock copolymer was successfully demonstrated. This system efficiently utilized light-induced ATP to drive glucose synthesis, and 5.2 μg ml −1 glucose was synthesized in 0.78-ml reaction buffer in 7 h. Lightdependent reactions were found to be the bottleneck of the studied artificial photosynthesis system.
Introduction
Photosynthesis, by converting light, CO 2 , and water into carbohydrates, provides the foundation for food and fuel production. Photosynthesis can generally be divided into two parts: the light-dependent reactions and the light-independent reactions (also referred to as the dark reactions) [1] [2] [3] . In light-dependent reactions, adenosine triphosphate (ATP) synthesis is catalyzed by F 0 F 1 ATP synthase, an enzyme usually found in energy-transducing membranes, including inner mitochondrial membranes and bacterial membranes [4, 5] . This enzyme is composed of two sectors, F 0 and F 1 . The function of the former is to pump protons across the membrane. The latter catalyzes the synthesis of ATP [6, 7] . Direct evidence has been found that the proton gradient generated by electron transfer complexes and light-harvesting proteins provides the energy for the synthesis of ATP [8] , which is used to fix carbon in carbon dioxide into the energy storing carbon compounds in the dark reactions. The dark reactions of photosynthesis involve a suite of eight enzymes (Fig. 1) . Ribulose-1,5-bisphosphate (RuBP) is the initial point for this phase, and after a well-organized reaction pathway catalyzed by enzymes such as ribulose bisphosphate carboxylase and phosphoglycerate kinase, the key intermediate product glyceraldehyde-3-phosphate (GAP) is produced. Glucose can be synthesized following GAP synthesis with the catalysis of fructose-1,6-bisphosphatase, phosphoglucose isomerase, and glucose-6-phosphatase. The process of glucose synthesis from GAP is also called gluconeogenesis [9] .
For decades, scientists are devoting to the research on mimicking the natural process of photosynthesis, called artificial photosynthesis, applying the fundamental principles of natural photosynthesis processes to convert solar energy into sugars. Huang [10] proposed nine kinds of dark reaction pathways, in which NADH was regenerated from hydrogen and electricity. These methods combined with solar photovoltaic or solar hydrogen technology could highly improve the efficiency of the dark reactions. Zhang and Huang [11] proposed electricitycarbohydrate-hydrogen (ECHo) cycle, which could fill the gaps from electricity and hydrogen to sugar. The two major roles of the ECHo cycle are storage of electricity or hydrogen and production of high-purity hydrogen for hydrogen fuel cell vehicles. Still, ATP is mostly used in artificial photosynthesis since glucose is synthesized driven by ATP in the natural process of photosynthesis. ATP serves as the most important biological high-energy compound and has been formed artificially by coupling photon-induced proton motive force [12] [13] [14] [15] [16] and the key enzyme, F 0 F 1 ATP synthase [17] [18] [19] . Glucose is obtained at the end through the ATPmotivated carbon fixation reactions (Fig. 1) . Artificial photosynthesis has been considered a renewable energy solution to the depleting fossil fuels [20] [21] [22] [23] [24] ; therefore, it has attracted much attention in recent years. For example, Choi et al. [17] presented a solvent-free membrane protein reconstitution method in polymersomes and compared the functionality of bacteriorhodopsin (BR) and ATP synthase both in solvent-free and solvent systems. In the solvent system, the drop-wise polymer-protein-organic solvent (ethanol) mixture was added to an aqueous solution, leading to the formation of proteopolymersomes. They also applied solventfree system (dissolution of polymer into water) by controlling the aqueous solution. Their results showed that the use of solvent-free systems eliminated the problem of protein denaturation during protein reconstitution into polymersomes. Choi and Montemagno [18] also studied the BR pumping activity and ATP synthesis in a foam architecture and demonstrated in vitro biochemical synthesis inside the water channels of the foam using engineered artificial organelles. Hazard and Montemagno [19] reported a fast and simple purification method for thermophilic F 0 F 1 ATP synthase with higher ATPase activity. Stable electrochemical gradient and ATP were generated by incorporating F 0 F 1 ATP synthase and BR into liposomes [19] . Wendell et al. [25] successfully achieved carbon fixation and glucose synthesis in an artificial photosynthesis system by using ranaspumin-2-based foam structure. However, artificial photosynthesis is known to be affected by the reaction conditions, e.g., concentration of reactants and enzymes, temperature, and light, which have not been examined in details in the abovementioned researcher. Thus, the objective of this research was to understand the effect of operating conditions, including temperature (20, 30, 40 , and 50°C), illumination type (white fluorescent light, green LED light, and in the dark), and concentration of reactants (RuBP and ATP) on glucose synthesis within a protein-based artificial photosynthesis system.
Materials and Methods
Experiments were carried out in two steps. In the first step, enzyme reactions of GAP and glucose syntheses were conducted separately and then combined in sequence in the reaction buffer (called non-vesicle-based glucose synthesis). The purpose of the non-vesicle-based glucose synthesis experiments was to validate the workability of all enzymes and find appropriate conditions for the second step reactions. In the second step, light and dark reactions were combined and realized in triblock copolymer vesicles reconstituted with BR and F 0 F 1 ATP synthase (called vesicle-based glucose synthesis).
Non-vesicle-based Glucose Synthesis

GAP Synthesis
Non-vesicle-based GAP synthesis procedure was adopted from Wendell et al. [25] . The reaction buffer was made by adding 605.7 mg Tris-Base, 23.8 mg MgCl 2 , 330 mg KHCO 3 , and 39 mg dithiothreitol (DTT) into 50-ml DI water. Then, 2-ml reaction buffer (pH=7.8) was mixed with 1-mg pure ATP standard (Sigma, St. Louis, MO, USA, Catalog Number: FLAAS-1VL). The above ATP solution (0.75 ml) was transferred into a 1.5-ml centrifugal tube. Then, the following carbon-fixation enzymes/reagents were added in sequence to the tube: 5 U of glycerldehyde-3-phophate dehydrogenase (GAPDH), 0.177 mg of NADH (reduced form for nicotinamide adenine dinucleotide), 10 U of phosphoglycerate kinase (PGK), 0.625 mg of ribulose bisphosphate carboxylase (RuBisCO), and 0.116 mg of RuBP. The solution was vigorously shaken for 30 s and then quickly transferred into a 96-well round bottom assay plate (Corning Incorporated, NY, USA. Catalog Number: 3795). They were allowed to react for 20-30 min with continuous shaking, and the absorbance at 340 nm was measured at 20-s intervals by using a microplate reader (Synergy Mx, BioTek Instruments Inc., Winooski, VT, USA). The amount of GAP was measured by the change in absorbance at 340 nm due to the oxidation of NADH by GADPH [25] . GAPDH, NADH, PGK, RuBisCO, and RuBP were purchased from Sigma. All other chemicals were of analytical grade and purchased from Fisher Scientific (Pittsburgh, PA, USA).
GAP to Glucose Synthesis
Four different concentrations of GAP standard solution (0.06, 0.09, 0.11, and 0.14 mM) were measured and separately placed into a 1.5-ml centrifugal tube. Glucose was formed by the addition of 12.5 U of triose phosphate isomerase (TPI), 12.5 U of fructose-1,6-bisphosphatase (F1, 6 BPase), 12.5 U of phosphoglucose isomerase (PGI), 0.2 mg aldolase, and 0.1 U of glucose-6-phosphatase (G6Pase). They were diluted into a total volume of 1 ml by using DI water and then vibrated on a vortex mixer for 6 h. The formation of glucose was assayed using a colorimetric assay kit (Sigma, Catalog Number GAGO20-1KT). GAP, TPI, PGI, and G6Pase were also purchased from Sigma. Aldolase was purchased from MP Biomedicals LLC (Solon, OH, USA, Catalog Number 0215985980) and F1, and 6 BPase was purchased from Cayman Chemical Co. (Ann Arbor, MI, USA, Catalog Number 11104).
Full Glucose Synthesis
After the separate syntheses of GAP (starting with RuBP and ATP) and glucose (starting with GAP), non-vesicle-based full glucose synthesis (starting with RuBP and ATP) was studied under varying operating conditions, including temperature (20, 30, 40 , and 50°C), illumination type (white fluorescent light, green LED light, and in the dark), and concentrations of the reactants (RuBP and ATP). The typical reaction mixture contained 6 U of GAPDH, 0.75 mg of RuBisCO, 12 U of PGK, 0.20 mg of NADH, 0.13 mg of RuBP, 0.76 mg (1.5 μmol) of ATP, 15 U each of TPI, F1, 6 BPase, and PGI, 0.3 mg F1, 6 BPase aldolase, and 0.15 U of glucose-6-phosphatase in a volume of 1.5-ml reaction buffer (pH=7.8).
Vesicle-based Glucose Synthesis
BR-ATP Synthase Vesicle Preparation
The procedure for preparing BR-ATP synthase vesicles was described by Choi et al. [17] . The triblock polymer (10 mg, polydimethylsiloxane-methyloxazoline-polydimethylsiloxane, PMOXA-PDMS-PMOXA, molecular weight (MW)=8400 g mol −1 , Polymer Source Inc., Montreal, Canada, Catalog Number P3186) was added to 68.5-μl BR monomers (25 mg ml −1 , Sigma, Catalog Number B0184-5MG) and kept vortexing for 30 min. Then, 0.59 mg sodium cholate and 0.29 mg sodium deoxycholate were added into the BR/copolymer mixture and kept vortexing for 2 h in the dark to ensure a homogeneous solution. After that, 1.98 mg sodium cholate and 0.96 mg sodium deoxycholate were added into 230 μl of F 0 F 1 ATP synthase (2.225 mg ml −1 ×230 μl=511.75 μg) and kept vortexing for 1 h. Then, the ATP synthase/detergent mixture was slowly transferred into the polymer/BR/detergent mixture. After vortexing for 0.5 h, this protein-polymer mixture was dropwise added to the dialysis buffer (20 mM MOPS, 50 mM Na 2 SO 4 , 50 mM K 2 SO 4 , 2.5 mM MgSO 4 , 0.25 mM DTT, 0.2 mM EDTA, pH=7.25) at the rate of 10 μl every 30 s. The sample was controlled at 2 ml. Mixing by magnetic bar was provided for 2.5 h until the BR-ATP synthase vesicle was created. Non-functional multilamellar vesicles were removed by syringe filtration through a 0.2-μm membrane filter. Detergents were dialyzed by dialysis tubing (molecular weight cutoffs between 12,000 and 14,000, Fisher Scientific, Catalog Number 08667A) at 4°C in the dark for 2 days. All chemicals were of analytical grade and purchased from Sigma.
BR Proton Pumping Activity Measurement
To measure the internal pH change inside polymer vesicles, BR/ATP synthase-polymer mixture was formed in the presence of pyranine (Sigma, Catalog Number H1529-1G). Untrapped pyranine and detergents were removed via overnight dialysis at 4°C in the dark. Photo-induced activity was measured after illumination by a 5-W green LED (wavelength= 570 nm). At every 5 min, 40-μl solutions were taken for fluorescence measurement on a 384-well low flange flat bottom plate (Corning Incorporated, Catalog Number 3574). An excitation scan from 350 to 475 nm at an emission wavelength of 511 nm was performed. The pH of pyranine concentration was determined by plotting the ratio of fluorescence emission at two excitation wavelengths (emission at 456-nm excitation/emission at 402-nm excitation, or F456/402) [19] . The pyranine standard curve generated in the buffer solution was used to calculate the internal pH of vesicles in the experiments [26, 27] .
ATP Synthesis
To measure ATP synthesis activity, a bioluminescence assay kit (Sigma, Catalog Number FLAAM-1VL) was used [28] . The assay procedure was adopted from Hazard and Montemagno [18] . Briefly, after dialysis, the reaction solution contained 400 μl of BR-ATP At the same intervals (every 10 min), 40-μl aliquots of reaction mixture were taken and rapidly mixed with 40-μl ATP assay mix. After that, 40-μl sample was transferred into the 384-well low flange flat bottom plate for luminescence assays (gain=135; read height=1.00 mm).
Glucose Synthesis
The reaction buffer (780 μl, pH=7.8) containing all glucose synthesis enzymes as described in the section of full glucose synthesis was mixed with 900-μl BR-ATPase-copolymer vesicle solution, and the mixture was exposed to the 5-W green LED. The formation of glucose was assayed using the same method and procedure as in the section of GAP to glucose synthesis.
Results and Discussion
Non-vesicle Based Glucose Synthesis
Reactant Effects on GAP Synthesis
The effects of varying concentrations of RuBP and ATP on GAP synthesis are shown in Fig. 2 . It can be found that GAP synthesis was rapid in the first 10 min and then stabilized after 20 min. In 750-μl reaction solution, when 0.5 mM RuBP and 1 mM ATP were used, the maximum GAP synthesis was 121.8 μM (20.7 μg ml ) and 185.9 μM (31.6 μg ml ) when the concentration of ATP (2 mM) and RuBP (1 mM) were doubled, respectively. GAP synthesis reached 272.5 μM (46.31 μg ml −1 ) when the concentrations of ATP and RuBP were both doubled at the same time. The results were as expected because more energy (ATP) input in the reaction solution enhanced the conversion of surplus reactant (RuBP) into the product, GAP. The results shown in Fig. 2 confirm that all the GAP synthesis enzymes (NADH, GAPDH, PGK, and RuBisCO) were working properly and their amounts were sufficient for catalyzing the baseline reaction (0.5 mM RuBP and 1 mM ATP in 0.75-ml reaction solution).
From GAP to Glucose
In this part of experiments, glucose was synthesized starting from GAP. Four concentrations of GAP (0.06, 0.09, 0.11, and 0.14 mM) were individually tested. Figure 3a shows that glucose was synthesized rapidly in the first 4 h and then slowed down. Results clearly show that glucose synthesis from GAP took much longer (4 to 6 h) than GAP synthesis (~30 min). Compared with GAP synthesis, glucose synthesis is more complicated due to the trianglereaction-system (Fig. 1) . Dihydroxyacetone phosphate (DHAP) is first produced by exposure to TPI, and then it acts as the reactant to synthesize fructose-1,6-bisphosphate (FBP) through the condensation reaction (Fig. 1) . Similar result was also found by Wong et al [29] , who mixed DHAP and TPI with aldolase and under room temperature for 24 h to obtain FBP yield of 90 %. Figure 3a also shows that glucose synthesis increased with increasing GAP addition. The highest glucose concentration achieved was 9.17 μg ml −1 when 0.14 mM GAP was added. This is as expected because GAP was the reactant in glucose synthesis. There was a linear correlation between glucose synthesis and GAP addition as shown in Fig. 3b . The results confirm that all the enzymes in glucose synthesis were working properly and their amounts were sufficient to convert up to 0.14 mM of GAP (in 1.5 ml) into glucose.
The Effects of Illumination on Glucose Synthesis
After successfully confirming the separate reactions of GAP and glucose syntheses, unified glucose synthesis experiments were conducted. A full process control group experiment was first carried out by removing one compound from the reactions. Glucose was not detected in any control sample with one compound missing, as shown in Table 1 . ), only 20.8 % of that in the dark. This indicates that white light inhibited glucose synthesis. It is well known that light regulates enzyme activities in photosynthesis systems [30] . The activity change of any enzyme in the system affects the efficiency of the entire glucose synthesis process. Research conducted by Preiss et al. [31] and Portis [32] found that NAD − and RuBisCO activities were inhibited by visible light. Activity reduction of these enzymes by visible light adversely affected the synthesis of the intermediate product, GAP, which consequently reduced the synthesis of the final product, glucose. Under green LED light, glucose synthesis was 21.3 % lower (14.72 μg ml
) than in the dark. Because BR could pump protons only under green lights, glucose synthesis by the BR-ATP synthase system is possible, but enzymatic activities are slightly inhibited by the light. Figure 5 shows that temperature had considerable influences on glucose synthesis. With the increase of reaction temperature from 20 to 40°C, glucose synthesis increased from 3.75 to 25.32 μg ml −1 in 6 h. This significant enhancement can be attributed to the optimal catalytic activity of the enzymes at 40°C [33] [34] [35] . When the temperature was further increased to 50°C, glucose synthesis was inhibited and the highest glucose production was reduced to 10.09 μg ml
The Effects of Temperature on Glucose Synthesis
. This may be due to the denaturation and degradation of enzymes at high temperatures, under which irreversible degradative processes occurred leading to enzyme inactivation [36] .
Vesicle-based Glucose Synthesis
Light-driven Proton Pumping Activity of BR-ATP Synthase-copolymer Vesicles A plot of ΔpH vs. green LED illumination time is shown in Fig. 6 . The control of noillumination (in the dark) is also shown. When illuminated under green LED light, BR-ATP ) into vesicles under green LED illumination. In contrast, there was no significant pH change in the dark, which confirms that pH changes were caused by illumination. The maximum ΔpH of −0.078 was close to the previously reported ΔpH of −0.080 by Choi et al. [17] under similar reaction conditions. The results confirm the proton pumping functionality of the BR-ATP synthase system. 
Glucose Synthesis in BR-ATP Synthase-copolymer Vesicles
After demonstrating the proton pumping activity of BR and ATP synthesis of the ATP synthase constituted in the BR-ATP synthase-copolymer vesicles, all of the glucose synthesis enzymes were added to the reaction buffer containing BR-ATPase-copolymer vesicles. The solution was exposed to green LED for glucose synthesis, and the results are shown in Fig. 8 . The maximum glucose production was 5.2 μg ml −1 in 7 h. As expected, glucose was not detectable without green LED illumination, as shown in Fig. 8 as the control. In the non-vesicle-based experiments, the highest glucose synthesis was 14.72 μg ml −1 when 1 mM ATP was incorporated (Fig. 4) . However, in the vesicle-based experiments, approximately only 0.1 mM ATP were generated within the vesicles, which apparently were not sufficient to drive glucose synthesis; therefore, lower amounts of glucose were synthesized. These results suggest that ATP highly affected glucose synthesis in both non-vesicle and vesicle-based reaction systems. Here, the low ATP generation was probably related to the following: (1) the insufficient illumination, the green LED light that was used in this study was only 5 W, which may not be sufficient to drive ATP synthesis; and (2) the insufficient light-receiving surface area, in this study, reactions occurred in bulk solution containing vesicles. The total surface area that received light was small. For this reason, Choi et al. [18] used a bubble structure to increase the surface area which consequently increased ATP and glucose syntheses, or (3) the phase barrier of the BR-ATP synthase-copolymer formation. Protein-polymer mixtures usually have three phases, which are vesicles, micelles, and crystalline structures. Only when incorporated into the vesicles can proteins maintain their functionality [38] . Any other two structures could adversely affect ATP synthesis. Still, the vesicle-based enzymatic artificial photosynthesis system efficiently utilized ATP to drive glucose synthesis because a smaller amount of ATP (about 10 % of the non-vesicle system) resulted in relatively high glucose synthesis (35.3 % of the non-vesicle system). In this research, the maximum glucose Fig. 8 Glucose synthesis in BR-ATP synthase-copolymer vesicles. The 780-μl reaction buffer (pH=7.8) contained all catalytic enzymes mixed with 900-μl BR-ATPase-copolymer vesicle and was illuminated by 5-W green LED light production of 5.2 μg ml −1 was lower than 10.8 μg ml −1 obtained by Wendell et al. [25] . As previously explained, the foam structure in Wendell et al. [25] was much better than the bulk solution of this study in ATP synthesis, which was probably the main reason for lower glucose production in this study. Moreover, differences in ATP synthase activity could also have affected ATP synthesis. Wendell et al. [25] purified ATP synthase in their own lab, which had higher specific activity than the ATP synthase that was used in this study.
Conclusions
The initial concentrations of RuBP and ATP, lighting source, and temperature significantly affected glucose synthesis. Higher concentrations of RuBP and ATP promoted glucose synthesis, but illumination (especially white fluorescent light) inhibited glucose synthesis. Glucose synthesis was found sensitive to temperature with 40°C being optimum. Full glucose synthesis by combining the light and dark reactions in a vesicle-based artificial photosynthesis system was successfully demonstrated. This system efficiently utilized light-induced ATP to drive glucose synthesis, and 5.2 μg ml −1 glucose was synthesized in 0.78-ml reaction buffer in 7 h. Light-dependent reactions were the bottleneck of the studied artificial photosynthesis system.
